described from Thailand and differs from gill-associated virus (GAV) clade of Australia by approximately 15% in nucleic acid sequence (Cowley et al. 1999) . A third intermediate clade has been found in Thailand and Vietnam (P. J. Walker pers. comm.). These viruses have been included in a YHV-complex (Walker et al. 2001) .
Initial diagnosis of YHV infection relied exclusively on subjective histology (Chantanachookin et al. 1993) , and preliminary DNA-based techniques did not distinguish strains in the complex (Wongteerasupaya et al. 1997 , Tang et al. 2002 until the recent introduction of a commercial diagnostic kit (Farming Intelligene Technology) . This comprises a nested RT-PCR assay that yields different PCR amplicons for GAV and YHV. An ideal detection method would be able to distinguish all the genotypes in the complex unambiguously.
Immunological techniques can also be used to distinguish amongst viral strains. Three monoclonal antibodies against YHV were produced in Thailand (Sithigorngul et al. 2000 to assist in histopathological diagnosis of YHV and in the development of rapid tests for field use. Based on YHV structural protein designations of Nadala et al. (1997) , the antigenic target of MAb V-3-2B was the 135 kDa envelope protein, that of MAb Y-18 was the 67 kDa capsid protein, and of MAb Y-19 it was the 22 kDa matrix protein (Sithigornkul et al. 2000 (Sithigornkul et al. , 2002 . However, more recent data have shown that V-3-2B and Y-18 target envelope proteins of 116 kDa (gp116) and 64 kDa (gp64), respectively, and that Y-19 targets a 20 kDa putative nucleoprotein p20 (Jitrapakdee et al. 2003) . Here, we report the use of these MAbs to study Australian and Thai shrimp specimens infected with GAV and YHV, respectively, and shrimp specimens from India and Ecuador purported by histopathology to be infected with YHV. In situ DNA hybridization was used to confirm the presence of YHV in the samples tested.
MATERIALS AND METHODS
Naturally infected shrimp. Paraffin blocks and preserved RNA samples of 2 broodstock specimens from the Andaman Sea in southern Thailand were kindly provided by Khun Supak Loa-arun and Prof. Boosirm Withayachamnarkul. Others were obtained from outbreak farms at Woongoolbar, Queensland (8 samples) and Wollongbar, New South Wales (9 samples), Australia, the latter with the kind assistance of Dr. R. B. Callinan. Paraffin blocks from Ecuador (8 samples) and India (10 samples) were kindly provided by Dr. Victoria Alday de Graindorge and Dr. Madavi Roccam, respectively.
Source of YHV for experimental infections.
Moribund Penaeus monodon were obtained in 1999 from a Thai commercial shrimp pond experiencing a YHV disease outbreak that was confirmed by histology (Chantanachookin et al. 1993 ) and RT-PCR using the IQ2000 detection kit (Farming Intelligene Technology). Hemolymph was withdrawn from the ventral abdominal sinus into syringes containing an equal volume of shrimp salt solution (SSS, 450 mM NaCl,10 mM KCl, 10 mM ethylenediamine-tetra-acetic acid [EDTA] , 10 mM N-[2-hydroxyethyl] piperazine-N'-2-ethanesulfonic acid [HEPES] ). This crude preparation of pathogenic YHV was aliqoted and stored at -80°C for use as an inoculum for experimental infections.
Experimental YHV infections. Juvenile shrimp (30 Penaeus monodon, approximately 17 g each) were purchased from a Thai shrimp provider. They were acclimated in aerated aquaria at room temperature (28 to 30°C) and fed with commercial feed for 1 wk before 15 individuals were given intramuscular injections with 0.1 ml of the YHV inoculum diluted (1:100) in SSS. Control shrimp (15) were injected with SSS only. At 48 h post-injection, the shrimp were anesthetized on ice and hemolymph was withdrawn into an equal volume of 10% sodium citrate solution. This was kept on ice for virus purification as described below. One lobe of the lymphoid organ (LO) was excised from each shrimp and fixed in 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 1.5 h at 4°C, before dehydration in an ethanol series, and infiltration and embedding using the water-miscible resin LR-White (London Resin Company) for electron microscopy. The left half of each shrimp specimen was fixed with Davidson's fixative and embedded in paraffin for tissue sectioning (6 µm thickness) as previously described in Bell & Lightner (1988) .
Semi-purified YHV. The hemolymph-citrate solution from experimentally YHV-infected shrimp was diluted (1:1) in TNE buffer (0.02 M Tris-HCl, 0.4 M NaCl, 0.02 M EDTA, pH 7.4) and centrifuged for 30 min at 3000 × g and 4°C. The supernatants obtained were ultracentrifuged at 100000 × g for 90 min at 4°C before the pellets were resuspended and washed twice with TNE by similar ultracentrifugation. Pellets containing YHV were resuspended in 15% sucrose (w/v) and layered onto 15% sucrose (w/v) for further ultracentrifugation as above. Finally, the pellets were combined and washed twice with TNE by ultracentrifugation as above before resuspension in a small volume of TNE and storage at -70°C.
Antibodies against YHV. Monoclonal antibodies were provided by P. Sithigorngul as culture fluids of mouse hybridoma clones. Clone V-3-2B was specific for gp116, Y-18 for gp64, and Y-19 for p20 of patho-genic YHV from Thailand (Sithigorngul et al. 2000 , 2002 , Jitrapakdee et al. 2003 .
Immunogold labeling for electron microscopy. Immunogold labeling of ultrathin sections and semipurified virus was carried out according to methods previously described in Hyatt (1991) . Anti-mouse immunogold complexes were purchased from Amersham (Auroprobes). Antibodies were diluted 1:2, 1:4 and 1:8 for screening. After treatment with antibody, the grids holding ultrathin sections were dried and stained with uranyl acetate and lead citrate while those holding whole virions were stained with 2% phosphotungstic acid for 1.5 to 3 min. Grids were examined with a Philips CM120 or a Hitachi H7000 transmission electron microscope at 100 kV.
Immunohistochemistry for light microscopy. Indirect immunoperoxidase staining using the 3 monoclonal antibodies was carried out as previously described (Sithigorngul et al. 2000) . After counterstaining with haematoxylin and eosin (H&E), the preparations were dehydrated and mounted in Permount for light microscopy.
DNA in situ hybridization. A DIG-labeled DNA probe was prepared by PCR using a plasmid containing a cDNA of the open reading frame (ORF) 1b region of the YHV genome as the template (Sittidilokratna et al. 2002) , with primers GY1 (5'-GAC ATC ACT CCA GA-3') and GY4 (5'-GTG AAG TCC ATG TGT GTG AGA CG-3') to amplify a 794 bp DNA fragment. Labelling was carried out using DIG-II-dUDP (Roche Molecular Biochemicals) according to instructions in the product manual (Anonymous 1996) . The DIGlabeled probe was purified using a QIAquick PCR purification kit (QIAGEN) and stored in 100 µl of elution buffer at -20°C until used. In situ hybridization was performed according to Tang et al. (2002) , except that the stringency of washing was 2 × SSC (0.3 M NaCl, 0.03 M sodium citrate) at room temperature for 15 min, 1 × SSC at 42°C for 15 min, and 0.5 × SSC at 52°C for 15 min.
RNA extraction and RT-PCR. RNA from LO samples of YHV-injected shrimp and broodstock were extracted using a NucleoSpin RNA II extraction kit (Macherey-Nagel), and RT-PCR was carried out using the IQ2000 TM YHV/GAV detection and typing system according to the kit instructions (Farming Intelligene Technology). PCR products were examined by electrophoresis in 1.5% agarose gels. This kit gives a common amplicon of 777 bp for heavy infections of both GAV and YHV, but also differential amplicons of 406 bp diagnostic for GAV infection and 277 bp diagnostic for YHV infection. In very severe infections, an additional band may be seen at approximately 1000 bp for both YHV and GAV. The kit also produces a 680 bp control amplicon from the shrimp β-actin gene for YHV-/GAV-negative shrimp samples. This control band does not appear in YHV-/GAV-positive samples.
Cloning and sequencing of PCR amplicons. PCR amplicons of putative GAV from 2 captured Thai broodstock (~400 bp) were cut from electrophoresis gels and extracted using a QIAquick ® gel extraction kit (Qiagen). They were inserted into the pDrive cloning vector to transform competent Escherichia coli M15 cells using a Qiagen ‚ PCR ® cloning kit. Plasmid DNA containing insert was extracted using a NucleoSpin ® plasmid extraction kit (Macherey-Nagel). Both DNA strands of the inserts in 2 putative GAV clones were sequenced using M13 forward and reverse primers, Thermo-Sequenase TM (Amersham), and automated ABI Model 377 sequencing systems (Applied Biosystems) at the Bioservice Unit, National Science and Technology Development Agency (NSTDA), Bangkok, Thailand. The DNA sequences obtained were compared to GenBank sequences for YHV (GenBank AY052786) and GAV (GenBank AF227196) using Clustal W, at www.ebi.ac.uk/embl/.
RESULTS AND DISCUSSION

Immunogold labeling
In ultrathin sections, MAb Y-19 reacted with both nucleocapsids and enveloped virions, but it did not react with intact virions in negatively stained preparations (Fig. 1) . By contrast, MAb V-3-2B did not react with virus in the ultra-thin sections but did react in negatively stained preparations (Fig. 2) . MAb Y-18 did not react with YHV in either type of preparation. The results (Table 1) were consistent with the specificity of V-3-2B to the envelope spike protein gp116 and the specificity of MAb Y-19 to a putative nucleoprotein p20 , Jitrapakdee et al. 2003 . Since MAb Y-18 was specific to envelope protein gp64 , Jitrapakdee et al. 2003 , it was expected to react similarly to MAb V-3-2B. The failure of Y-18 to react with these preparations may have been due to a conformational change in gp64 caused by the fixation or staining process.
Immunohistochemistry
Using the 3 MAbs with 15 samples of our experimentally YHV-infected shrimp, similar positive immunochemical reactions (Sithigornkul et al. 2002) were observed in all YHV target tissues (Chantanachookin et al. 1993 , Soowannayan et al. 2002 . No reactions occurred with the control shrimp. When used with 17 samples of GAV-infected shrimp from both sites in Australia, posi-tive reactions were obtained with MAbs Y-18 and Y-19, but not with V-3-2B (Fig. 3) in target tissues of ectodermal and mesodermal origin (i.e. gills, LO, interstitial cells of the hepatopancreas, heart, hemocytes, vas deferens, antennal gland, connective tissues, etc.). The 2 healthy, captured broodstock specimens from southern Thailand also only reacted with MAb Y-18 and Y-19, but the reactions were confined to LO spheroids (LOS) only, and appeared identical to those shown in Fig. 3 for the Australian specimens. There was also some minor variation in the strength of Y-18 and Y-19 reactions that was dependent on sample type. For the GAV samples and captured Thai broodstock, strong positive reactions were observed in LOS but not in functional tubules (reaction identical to that shown in Fig. 3 ). By contrast, experimentally YHV-infected samples gave strong positive reactions in functional tubules and in newly formed LOS, but generally not in older LOS (Fig. 4) . Strong positive reactions were also observed in peripheral nerve tissues and the eye of Woolongbar GAV-infected shrimp (see illustrations in Callinan et al. 2003) but not in YHVinfected shrimp. There were very light positive reactions in hematopoietic tissue of GAV-infected shrimp, but strong reactions in YHV-infected shrimp. No positive reactions were obtained with any of the MAb for shrimp samples with purported YHV infections from Ecuador and India (Fig. 5) .
Based on reaction profile, tissue distribution and staining intensity, the 3 MAb derived from pathogenic YHV (Sithigornkul et al. 2002) could be used to differentiate between YHV, GAV and a new GAV-like virus from 2 captured Thai broodstock. The fact that MAb V-3-2B reacts only with YHV and not with GAV supports an earlier report (Cowley et al. 1999 ) that YHV and GAV are distinct, although closely related, viruses.
The differences in intensity of MAb Y-18 and Y-19 reactions for various tissues in GAV and YHV infected shrimp suggested either that the hosts responded to the 2 genotypes in a slightly different manner, or that the 
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shrimp were at different stages of infection. A difference of the tissue distribution of GAV has recently been reported to occur during chronic and acute phases of infection (Spann et al. 2003) . On the other hand, it is known that P. monodon in Thailand and Australia differ genetically (Benzie et al. 1993 , Klinbunga et al. 1998 , and that would further complicate interpretation of the results. Thai and Australian shrimp should be challenged with isolates of each virus to resolve this difficulty.
In situ hybridization
Positive DNA hybridization reactions were observed in various tissues of all the GAV, YHV and captured Thai broodstock specimens that gave positive reactions with any of the 3 MAbs (example in Fig. 6 ). Tissues giving positive DNA hybridization reactions corresponded to those that gave positive reactions with the MAbs, including the LO, and especially LOS, the antennal gland, antennal nerve roots, cuticular epithelial cells, etc. Some ectopic spheroids also reacted strongly with the probe (Fig. 6) . The ability of the YHV DNA probe to hybridize GAV, despite 15% divergence in overall RNA sequence, has already been reported (Tang et al. 2002a) , and it shows that PCR or MAb are the only current detection techniques that can reveal YHV genotype differences. Most of the severe focal lesions seen in peripheral nerves and central nerves of GAV-infected specimens reacted only lightly or moderately with the DNA probe when compared to reactions in LO tissue of the same specimens, or in YHV-infected tissues generally. This could mean that the distribution of GAV was less uniform and more concentrated in the LO than in other tissues. These results were similar to those with the crossreacting MAbs Y-18 and Y-19, and may be related to genetic differences in the viruses, hosts, or to the stage of infection as discussed above. No positive hybridization reactions were observed in purportedly YHV-infected tissues of shrimp samples from Ecuador or India. Since tentative diagnosis of YHV in these specimens was based entirely on histopatholgy by H&E staining (Fig. 5) , it can be concluded only that the tissues do not react with either the 3 MAbs tested or the in situ hybridization probe. Confirmation of YHV infections in these shrimp would require further information, ideally provided by transmission electron microscopy (TEM). If these specimens were indeed infected with YHV complex viruses, our results suggest that they are quite distant from GAV and Thai YHV.
RT-PCR and sequence analysis
Immunohistochemical reactions of 2 Thai captured broodstock were similar to those of GAV, and RT-PCR also generated amplicons (~406 bp) that were diagnostic for GAV (Fig. 7) rather than amplicons (277 bp) diagnostic for YHV. Cloning and sequence analysis of the amplicons from these 2 broodstock revealed that they were 423 bp in length, and identical in sequence. They shared 92.7% identity to a comparable region of the reported sequence for GAV, but only 79.0% identity to that of YHV (Fig. 8) .
The sequence information placed the amplicons from the 2 broodstock closer to GAV than to YHV, and this corresponds to results from an earlier report of a second YHV complex virus in Thailand (Walker et al. 2001) . It is currently possible to distinguish between YHV and the second genotype in Thailand using MAb-3-2B or the IQ2000 RT-PCR method, but GAV cannot be distinguished from the second YHV genotype. Captured broodstock are known to be sourced over a wide geographical area and it is possible that GAV may eventually be introduced into Thailand because of this practice. Thus, an improved RT-PCR method should be devised.
This work supports earlier reports that there are at least 3 genotypes in the yellow head virus complex (Walker et al. 2001) . We have shown that MAb 3-2B against envelope protein gp116 can differentiate between YHV and either GAV or the new Thai YHV genotype, while MAbs Y-18 and Y-19 cross-react. Thus, the capability of immunohistochemistry with these MAbs to distinguish among genotypes is similar to that of current RT-PCR methods. In contrast, in situ hybridization is less discriminatory, giving positive reactions for all. It is possible that MAb to other gp116 epitopes, or modification of current RT-PCR methods, would allow for improved discrimination of genotypes. 
